Species of the genus
T represents a novel species of the genus Trichococcus. The dDDH values showed a low DNA relatedness between strain R210 T and all other species of the genus Trichococcus (23-32%). Cells of strain R210 T were motile, slightly curved rods, 0.63-1.40Â0.48-0.90 µm and stained Gram-positive. Growth was optimal at pH 7.8 and at temperature of 30 C. Strain R210 T could utilize several carbohydrates, and the main products from glucose fermentation were lactate, acetate, formate and ethanol. The genomic DNA G+C content of strain R210 T was 47.9 mol%. Based on morphological, physiological and biochemical characteristics along with measured dDDH values for all species of the genus Trichococcus, it is suggested that strain R210 T represents a novel species within the genus Trichococcus, for which the name Trichococcus ilyis sp. nov. is proposed. The type strain is R210 T (=DSM 22150 T =JCM 31247 T ).
Trichococcus sp. strain R210 T was previously isolated from a sulfate-reducing bioreactor treating municipal wastewater mixed with an industrial stream containing citrate (Stams et al., 2009) . Isolation was performed in basal medium supplemented with 10 mM citrate as sole energy and carbon source (without sulfate). The main fermentation products of citrate were acetate and formate, whereas the main products of glucose fermentation were lactate, ethanol, acetate and formate. This product profile is typically observed in heterolactic fermenters (Eiteman & Ramalingam, 2015 flocculiformis (Scheff et al., 1984) , T. pasteurii (Schink et al., 1984) , T. collinsii (Liu et al., 2002) , T. palustris (Zhilina et al., 1995) , and T. patagoniensis (Pikuta et al., 2006) . All these species can use a broad range of sugars and polyols for growth. A peculiar feature of members of the genus Trichococcus is the ability to grow over a wide range of temperatures, from close to 0 C to over 45 C. This makes such strains particularly interesting for biotechnological applications at mildly low temperature. They are also tolerant to oxygen, which is advantageous because it eliminates the need of maintaining bioreactors completely oxygen-free.
Morphologically, members of the genus Trichococcus are pleomorphic (regular cocci, olive-like rods) and may have several cell arrangements (cells can grow individually, in pairs, in long chains, or in grape-like conglomerates) (Liu et al., 2002) . The similarity of the 16S rRNA gene sequence of described species of the genus Trichococcus (99-100 %) is above the threshold for the definition of a new species (Kim et al., 2014) . However, DNA-DNA hybridization (DDH) values among them are lower than 70 %, the threshold for the delineation of new species (Pikuta et al., 2006) . The presence of highly conserved 16S rRNA genes in different species is not so uncommon. Another example can be found in the genus Bacillus, where some species can have a 16S rRNA gene sequence similarity of 97-100 % (Liu et al., 2015) . For these cases, DDH is accepted as the gold standard for complete taxonomic classification and proposal of new species. Experimental DDH assays are based on optical measurements and are prone to experimental errors (Schleifer, 2009 ). The rapid progress in genome sequencing allows utilization of computational methods for genome comparison and taxonomic differentiation (Klenk & Göker, 2010) . Genome BLAST Distance Phylogeny (GBDP) approaches have been optimized for calculation of digital equivalents for DDH values (dDDH), which are analogous to DNA-DNA hybridization (Meier-Kolthoff et al., 2014) .
To clarify the phylogenetic assignment of strain R210 T , the genome was sequenced along with the genomes of all five previously described species of the genus Trichococcus and dDDH values were calculated between these species using GBDP. Consequently, genome-guided physiological characterization was performed.
T , T. palustris DSM 9172 T , and T. patagoniensis DSM 18806 T were obtained from the German Collection for Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and cultivated on DSMZ recommended media. Strain R210 T was previously isolated by Stams et al. (2009) , and since then was preserved in our laboratory. Strain R210
T was grown at 30 C on an anaerobic bicarbonate-buffered medium (Stams et al., 1993) T (5 740 601 reads and 126 bp read length) were assembled using a pipeline comprising: Ray (Boisvert et al., 2012) to generate an initial assembly, followed by Opera (Gao et al., 2011) for genome scaffolding, and CAP3 (Huang & Madan, 1999) for assembling optimization. For Ray assembler, the optimal kmer size was calculated with KmerGenie (Chikhi & Medvedev, 2014) . In addition, the genomes were assembled by JGI (Walnut Creek, CA) using AllPATHS-LG (Gnerre et al., 2011) and Velvet (Zerbino & Birney, 2008) . Both assemblies were merged and improved with SSPACE (Boetzer et al., 2011) .
The dDDH values [including confidence intervals (CIs)] between strain R210
T and the type strains of established species of the genus Trichococcus were measured using the Genome-to-Genome Distance Calculator available at http:// ggdc.dsmz.de (Meier-Kolthoff et al., 2013) .
Genome annotation of strain R210
T was performed using an in-house pipeline based on published tools and databases: Prodigal (Hyatt et al., 2010) , InterProsScan (Jones et al., 2014) , tRNAscan-SE (Lowe, 1997) , RNAmmer (Lagesen et al., 2007) , UniRef50 (Suzek et al., 2007) , Swiss-Prot database (The UniProt Consortium, 2014), and combined with RAST (Aziz et al., 2008) . The merged results from the in-house annotation pipeline and RAST were used to curate the annotation of the genome by completing the full description of the encoding regions. The genomic sequences, as well the coding sequences, were used as input for BRIG (BLAST Ring Image Generator) (Alikhan et al., 2011) . Sequences were assigned with KEGG orthology (KO) identifiers using KEGG Automatic Annotation Server (KAAS) and further linked to metabolic pathways (Moriya et al., 2007) .
16S rRNA gene sequence analysis was performed with ARB v6.0 (Ludwig et al., 2004) using the non-redundant SILVA database (Quast et al., 2013) . 16S rRNA gene sequences of strain R210
T and all the currently isolated species of the genus Trichococcus were implemented in the all-species living tree project (Yarza et al., 2008) . Three phylogenetic trees were generated based on maximum-likelihood (RAxML algorithm), neighbour-joining (Jukes-Cantor correction) and maximum-parsimony methods, and a consensus tree was generated with the tool integrated into ARB v6.0. Cell morphology of strain R210
T was observed using a phase-contrast microscope (Leica DM2000; Leica Microsystems) on glucose-grown cultures. Cell sizes were measured using the software Fiji-ImageJ (Schindelin et al., 2012) . Growth was estimated by measurements of optical density at 600 nm with a spectrophotometer (Hitachi U-1500; Labstuff).
The cellular fatty acids of strain R210
T were analysed at the DSMZ (Braunschweig, Germany). The analysis was done with the system of Sherlock MIS (MIDI) using previously described methods (Kuykendall et al., 1988; Miller, 1982) . Cells for lipids analysis were cultivated in pre-reduced tryptic soy broth (BD) as previously used for other Trichococcus strains (Liu et al., 2002) .
The growth of strain R210
T was tested for a temperature range from 0 to 45 C and a pH range from 6.0 to 9.6. The ability of strain R210
T to utilize a set of substrates had been previously tested (van Gelder et al., 2012) . In this study, the following additional substrates were tested (at a concentration of 20 mM, unless otherwise mentioned): 5 Pa]. Substrates for testing were selected based on genomic information, i.e. the presence of genes potentially encoding for the degradation of those substrates. Soluble substrates and intermediates (sugars and volatile fatty acids) were measured with a Thermo Electron HPLC system equipped with an Agilent Metacarb 67H column (300Â6.5 mm) (Thermo) and a refractive index detector. The mobile phase used was sulfuric acid (5 mM) at a flow rate of 0.8 ml min
À1
. The column temperature was set at 45 C. Hydrogen and CO 2 were measured with a Shimadzu GC-2014 gas chromatograph equipped with a Molsieve 13X column (2 mÂ3 mm) (Shimadzu) and a thermal conductivity detector (TCD). Argon was used as carrier gas at a flow rate of 50 ml min
, and temperatures in the injector, column and detector were 80, 100 and 130 C, respectively. 
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isomerase (EC 5.3.1.14), rhamnulose-1-phospate aldolase (EC 4.1.2.19) and lactaldehyde dehydrogenase (EC 1.2.1.22) was identified in strain R210 T (TR210_1063-1066). Lactaldehyde dehydrogenase is an essential enzyme for the conversion of rhamnose to 1,2-propanediol (Petit et al., 2013) , which was observed as a main product in the experimental growth tests of strain R210
T on rhamnose (together with acetate and formate). An additional operon potentially linked to rhamnose metabolism (TR210_973-982) contained genes encoding for L-rhamnose mutarotase, which may play a role in the first steps of rhamnose degradation (Petit et al., 2013) , together with tripartite ATP-independent periplasmic (TRAP) transporters, which may be involved in substrate import to the cell (Mulligan et al., 2011) . A mannose-specific IIC component gene (EC 2.7.1.69, TR210_1375) from the phosphotransferase system (PTS) is also present in the genome of strain R210
T . The PTS system is responsible for the uptake of carbohydrates and includes the mannose-specific IIC component, which can catalyse mannose to mannose 6-phosphate, during uptake (Okochi et al., 2007) . Sucrose was also metabolized by strain R201
T ; genes encoding for beta-glucuronidase (EC 3.2.1.31, TR210_689 and TR210_756,), maltose-6'-phosphate glucosidase (EC 3.2.1.122, TR210_416) and glycogen operon protein (EC 3.2.1.-, TR210_2418) were identified.
Strain R210
T is a citrate-fermenting bacterium and its genome contains some, but not all, genes of the tricarboxylic acid cycle (TCA). The gene encoding for isocitrate dehydrogenase (EC 1.1.1.42), involved in the conversion of isocitrate (via oxalosuccinate) to 2-oxoglutarate, is present in the genome (TR210_2151), but also a NAD + -dependent isocitrate dehydrogenase (EC 1.1.1.41, TR210_901). The latter enzyme is capable of direct converting of isocitrate to 2-oxoglutarate.
T. pasteurii is the closest relative of strain R210
T , and it can use some polyalcohols, such as glycerol and sorbitol. Strain R210
T does not grow with these substrates, it lacks the genes encoding 1,3-propanediol dehydrogenase (EC 1.1.1.202) and glycerol dehydratase (EC 4.2.1.30) required for the conversion of polyalcohols (Wang et al., 2003) .
Cells of strain R210
T were slightly curved rods, 0.5-0.9 µm in diameter and 0.6-1.4 µm in length, were motile and occurred singly or in pairs. Growth was observed between 4 and 40 C with optimum growth at 30 C. The optimum pH for growth was 7.8 with range between pH 6.0 and pH 9.6. Major fatty acid methyl esters of strain R210
T were C 14 : 0 (16.1 %), C 16 : 1 !9c (35.5 %), C 16 : 0 (19.7 %) and C 18 : 1 !9c (19.7 %). These were also the major fatty acids in the type strains of T. pasteurii and T. palustris (Table 3) . Membranes of T. flocculiformis DSM 2094 T and T. patagoniensis DSM 18806 T lacked the unsaturated fatty acid C 16 : 1 !9c (the most abundant membrane fatty acid in strain R210
T and T. pasteurii DSM 2381 T ). Unsaturated fatty acids are normally associated to increased membrane fluidity, and their relative abundance can vary with environmental factors, e.g. temperature (Zhang & Rock, 2008) .
The data of dDDH analysis conducted for all species of the genus Trichococcus indicated that strain R210
T considerably differs from other species of the genus Trichococcus. Therefore, based on morphological, physiological and biochemical characteristics along with measured dDDH values for all species of the genus Trichococcus, it is suggested that strain R210
T represents a novel species within the genus Trichococcus, for which the name Trichococcus ilyis sp. nov. is proposed.
Description of Trichococcus ilyis sp. nov.
Trichococcus ilyis (i¢ly.is. Gr. fem. n. ilys, ilyos mud, sludge; latinized Gr. gen. n. ilyis of sludge referring to the source of isolation). The type strain is R210 T (=DSM 22150 T =JCM 31247 T ), isolated from sludge of a sulfate-reducing bioreactor with a citrate-containing waste stream. The genomic G+C content of the type strain is 47.9 mol%. 
